The oxidation of oils has important e#ects on the quality of oily foods, such as instant noodles. In particular, the generation of aldehydes, which accompanies the oxidation of oils, is one of the first factors to reduce food quality. We examined various indicators of oil quality during temperature-accelerated storage and found that peroxide value (POV) was highly correlated with the total concentration of major odorants. Moreover, the correlation of POV with the total concentration of five unsaturated aldehydes (t-2-heptenal, t-2-octenal, t-2-decenal, t-2-undecenal and t,t-2,4-decadienal) that show strong cytotoxicity was greater than the correlation of POV with the total concentration of major odorants. The maximum allowable concentration of the five aldehydes was calculated based on the 'no observed adverse-e#ect level' of the aldehyde that showed the highest cytotoxicity, t,t-2,4-decadienal, along with the human daily oil intake. We showed that it is useful to utilize POV as an indicator to control food quality and safety.
Introduction
Edible oils are autoxidized in air and generate hydroperoxide as a primary product, the subsequent reactions of which generate various secondary products, including polymers, aldehydes and ketones. By contrast, carboxylic acids are mainly generated by hydrolysis. Among the secondary products, the amounts of aldehydes and ketones increase then decrease gradually as a result of degradation, while the amounts of carboxylic acids increase due to hydrolysis in a timedependent manner. The o#-flavors and toxicities of oxidized oils are caused by these secondary products 1) . Foods with high oil content, such as instant noodles, su#er a remarkable decrease in quality due to oil oxidation. In Japan, a food-poisoning incident that was attributed to oil oxidation in instant noodles occurred in 1964 2) . Consequently, the Ministry of Health and Welfare (currently the Ministry of Health Labor and Welfare) passed the Food Sanitation Law, which set the standard peroxide value (POV, ῌ30 meq/kg) and acid value (AV, ῌ3 mg/g) for oils extracted from fried-type instant noodles. These values were based on the results of research into the degradation of oils in the instant noodles involved in the 1964 incident. No similar episodes have been reported in Japan since the Food Sanitation Law came into force.
Aldehyde-induced o#-flavors can be sensed by humans at low levels, and consumers will reject products at a relatively early stage of the oil oxidation process 3) . Sensory tests are therefore important in setting standards for oil oxidation. However, it would be di$cult to train taste panels to perform daily quality control tests of fried food products marketed throughout the world.
Direct measurements using headspace analysis have shown a strong correlation between levels of aldehydes and odorants 4) . However, this method requires expensive equipment and the odorants measured are volatiles that are present in small amounts. This technique is not suitable for measuring the low-volatility toxic aldehydes generated by oxidized oils. Hence, there is a need for a cheap and e$cient method of analyzing the toxic aldehydes generated during the early stages of oil oxidation, in order to ensure the quality of oil-rich foods. In this study, we examined storage tests to find an index that has a high correlation with the concentration of odorants as an objective and comparative index that can take the place of sensory tests in quality control of food. Room temperature, which is the general storage condition of instant noodles, is suitable for this test, but we selected an accelerated shelf life test often adopted for the quality control of food to shorten the test period. We examined the correlation between various parameters, such as the carbonyl value (CV), AV and POV, and the aldehyde concentration, in order to re-evaluate the standards for the quality control of foods with high oil contents. We confimed that POV is adequate as a parameter of oil deterioration and as an indicator of food safety.
Materials and Methods

Oil samples
Purified palm oil, lard and soybean oil (all῏99.9ῑ) were provided by Ueda Oils and Fats Mfg Co., Ltd. (Kobe, Japan). We added extra-pure grade (ῌ)-atocopherol (Wako Pure Chemical Industries Co., Ltd., Kyoto, Japan) to both the palm oil and lard in order to make the total tocopherol concentration equivalent to that in soybean oil. The concentration of tocopherol in each sample was adjusted to within 1,380 ῌ 20 mg/g.
After collecting each sample into a Petri dish, the samples were covered and heated at constant temperature. Storage conditions were as follows: 90ῐ with samples taken at 1, 2, 3, 4 and 5 days; 70ῐ with samples taken at 4, 8, 12, 17῍ 1 and 20 days; and 50ῐ with samples taken at 16, 32, 48, 64 and 79῍ days. It is generally considered that the reaction rate doubles with every 10ῐ increase of temperature.
Standard odorants
Extra-pure grade cyclohexanol, 1-pentanol and hexanoic acid were purchased from Wako Pure Chemical Industries Co., Ltd. Pentanoic acid and 1-hexanal were purchased from Kanto Chemical Co., Ltd. (Tokyo, Japan). 1-Pentanal, 1-heptanal, t-2-heptenal, 1-octanal, t-2-octenal, 1-nonanal and 1-decanal were purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). t-2-Decenal, t,t-2,4-decadienal and t-2-undecenal were also purchased from Tokyo Kasei Kogyo Co., Ltd.
Cell lines
Human epitheloid carcinoma cell line (HeLa), human breast cancer cell line (MCF-7), Chinese hamster lung cell line (CHL/IU) and Chinese hamster ovary cell line (CHO-KI) cells derived from the American Type Culture Collection (ATCC) were purchased from Dainippon Pharmaceutical Co., Ltd. (Osaka, Japan). Each cell type was cultured under the conditions recommended by the ATCC.
Standard methods for the analysis of fats, oils and related materials AV and POV were measured as described in the Standard Methods for the Analysis of Fats, Oils and Related Materials established by the Japan Oil Chemists' Society. CV was measured by a modified method in which benzene was not used 5) .
Concentration of odorants
The concentrations of odorants were determined by gas chromatography/mass spectrometry (GC/MS). Each oil sample (10.0 mg) was diluted by adding 1 mL of 0.2 ppm cyclohexanol in acetone as an internal standard 6) . The GC/MS conditions were as follows: equipment, JMS-SUN 200 (JEOL Ltd., Tokyo, Japan)
The intervals ending on the collection dates marked with an asterisk di#er from the others.
and HP6890 (Agilent Technologies Japan, Ltd., Tokyo, Japan); column, SPB-1 SULFUR (SUPELCO, 0.32 mm i.d. ῍ 30 m, 4 mm); oven temperature, isothermal for 1.5 min at 40ῐ, increased at a rate of 20ῐ/min to 160ῐ, increased at a rate of 25ῐ/min to 250ῐ and then isothermal for 4 min; injection port temperature, 250ῐ; injection volume, 1 mL (splitless); purge time, 1 min; carrier gas, helium (3.0 mL/min); ionization method, electron ionization (EI); ion source temperature, 230ῐ; interface temperature, 250ῐ; ionization current, 300 mA; ionization energy, 70 eV; and mode of acquisition, selected ion monitoring (SIM). The limit of quantitation for each of the odorants was calculated as 10 times the standard deviation; using 2.5 ppm standard solutions, the limits of quantitation ranged from 3.0 to 5.0 ppm. The sum of the levels of the 14 compounds (1-pentanal, 1-pentanol, 1-hexanal, pentanoic acid, 1-heptanal, t-2-heptenal, hexanoic acid, 1-octanal, t-2-octenal, 1-nonanal, 1-decanal, t-2-decenal, t,t-2,4-decadienal and t-2-undecenal) was defined as the total concentration of the odorants.
Cytotoxicity
The cytotoxicity test was carried out according to the method described by Kimoto et al. 7) , after preparing ethanol emulsions of the oil samples. Using the wellestablished liposome method, liposomes did not form up to the maximum concentration of the oil (0.3 mg/mL); thus, each sample was suspended in ethanol to achieve higher concentrations. An ethanol suspension was prepared for each sample (200 mg/mL) and a 0.05 mL sample was added to 0.95 mL of culture medium. After vortexing, the suspension was diluted with an equal volume of medium and subjected to cytotoxicity testing (final ethanol concentration῎2ῑ). Solid palm oil and lard did not disperse in the medium at room temperature using this method; thus, only soybean oil was subjected to the cytotoxicity test. For fatty acids and related materials with o#-flavors, the individual compounds were dissolved in ethanol and added to the medium at a final ethanol concentration of 1ῑ.
Cytotoxicity testing was carried out using four cell lines ῌ two Chinese hamster cell lines (CHL/IU and CHO-KI) and two human cell lines (HeLa and MCF-7) ῌ which are commonly used in standard cytotoxicity tests.
8) The cells were plated in 96-well microplates (FALCON, Bedford, MA) at a concentration of 2,000 cells/well and incubated overnight at 37ῐ under 5ῑ CO 2 . After removal of the medium, 100 mL of fresh medium containing the test sample was added to each well and the plate was incubated at 37ῐ under 5ῑ CO 2 for 48 h (triplicate assay). The medium was replaced, and the cytotoxicity was evaluated using the PreMix WST-1 cell-proliferation assay system (TaKaRa Bio Inc., Shiga, Japan). This assay uses a modified version of the MTT method, which is based on the cleavage of the water-soluble tetrazolium salt WST-1 to formazan by cellular mitochondrial dehydrogenases 9) . Moreover, it is a cell proliferation assay, rather than staining dead Fig. 1 . Changes in AV, POV, CV and the concentrations of total odorants and five aldehydes (t-2-heptenal, t-2-octenal, t-2-decenal, t,t-2,4-decadienal and t-2-undecenal) under three storage conditions
In each graph, the scale on the ordinate axis was adjusted so as to locate the maximum value near to the top.
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cells. A sample (10 mL) of WST-1 solution was added to each well and incubated at 37῎ for 1 h. The absorbance at 450 nm with a 655 nm reference wavelength was then measured using a microplate reader (Model 3550; Bio-Rad Laboratories, Hercules, CA), and the number of viable cells was determined based on the obtained absorbance in a triplicate assay. The half-maximal inhibitory concentration (IC 50 ) values for cell proliferation were calculated using the Probit method.
Statistical analysis
Linear regression analysis was carried out using Microsoft Excel 2000 version 9.0 software, and the coe$cients of determination (r 2 ) and probabilities ( p value) were calculated.
Results and Discussion
Changes in the concentration of total odorants
At 50῎, the concentration of odorants in soybean oil increased in a time-dependent manner after the 32nd day, and that in lard increased in the same manner after the 48th day ( Fig. 1(A) ). At 70῎, the concentration of odorants in soybean oil and lard increased in a timedependent manner after the 8th day for soybean oil and the 12th day for lard. The results at 90῎ did not match the changes in the sum of the concentrations of odorants observed at 50῎, indicating 90῎ is not suitable for accelerated shelf life testing.
Cytotoxicity of oxidized soybean oil and odorants to mammalian cell lines Table 1 shows the cytotoxicity of 14 compounds that were detected as odorants in this study, as well as two soybean oil samples. Saturated alcohol and saturated carboxylic acids did not show high cytotoxicity, although pentanoic acid showed weak cytotoxicity in HeLa and CHO-KI cells. Among the six saturated aldehydes, compounds with longer carbon chains tended to have higher cytotoxicity, although the values were not particularly high. By contrast, the IC 50 values of all five unsaturated aldehydes were reached at concentrations below 20 mg/mL, with t,t-2,4-decadienal showing the highest cytotoxicity. The toxicity data for these unsaturated aldehydes were in good agreement with those reported previously 10) . The concentration of t,t-2,4-decadienal in soybean oil that had been incubated at 90῎ for 5 days was 1,449.1 ppm. Assuming that the cytotoxicity of the sample was due to t,t-2,4-decadienal alone, its concentration was estimated as 1,691.7 ppm (1.8/1,064ῌ10 6 ) based on the IC 50 values of t,t-2,4-decadienal and the sample towards HeLa cells (1.8 and 1,064 mg/mL, respectively). The estimated value was about 117῏ of the actual concentration detected in the sample, suggesting that the cytotoxicity of the oxidized oils was mainly due to unsaturated aldehydes (such as t,t-2,4-decadienal). The changes in the sum of the concentration of the five unsaturated aldehydes are shown in Fig. 1 
(B).
Statistical analysis
We investigated the correlations between the concentration of total odorants or five unsaturated aldehydes and AV, POV and CV under three storage conditions. AV was not highly correlated with the concentration of total odorants or the five aldehydes (Table 2) . POV showed significant correlations with the concentrations of total odorants and the five aldehydes. In particular, the changes in the concentration of the five aldehydes were similar to those of POV ( Fig. 1(C) and 1(E) ). CV was also highly correlated with the concentrations of total ῌ The cytotoxicities of samples in various cell lines are indicated in terms of the IC50 values (that is, the half-maximal inhibitory concentration for cell survival). ῌῌ Treated soybean oils were continuously exposed to heat (90῎ for 2 or 5 days).
odorants and the five aldehydes. However, the correlation between CV and the concentration of the five aldehydes was lower than that observed with POV. These findings suggest that the concentration of five aldehydes can be best estimated by using measurements of POV.
The AV method is used as an analytical measure in various countries because of its superior convenience and speed. Although AV increases with increasing extent of degradation, the mechanism of acid generation varies depending on the preservation conditions; thus, it is di$cult to accurately assess the extent of degradation based on AV alone. In addition, AV is sometimes abnormally large, as some types of edible oil generate free fatty acids (FFA) by the hydrolysis of fatty-acid esters under the alkaline conditions used for the standard measurement 11) . Moreover, as shown in Table 2 , the correlation between the concentration of the five aldehydes and AV was not significant. These findings suggest that AV is not suitable as an indicator of the safety of edible oils during the early stages of the oxidation process, from the perspective of human health.
CV reflects the amount of carbonyl compounds, including secondary products generated during the oxidation of oils; this value is therefore correlated with o#-flavors. Although there are many methods for the determination of CV, there is no one universally accepted technique. The phenylhydrazine method is simple and is the most commonly performed test; we therefore chose the phenylhydrazine method in this study. However, the values obtained with the phenylhydrazine method tend to be a#ected by the purity of the solvent used. In addition, this technique requires strict control of the reaction time, as no stopping solutions are available. For these reasons, CV is expected to be a less reproducible indicator for quality control than either AV or POV. POV showed significant correlations with the concentration of the five aldehydes and the total concentration of odorants (Table 2 ). In addition, unlike AV, POV can be used to assess changes in the extent of oxidation during the early stages of oil oxidation, because the primary product of this process is measured. Moreover, it is relatively easy to measure POV compared with the direct measurement of odorants in oils. However, POV eventually decreased as oxidation progressed. Thus, as the quality of foods starts to decrease with the genera- tion of toxic aldehydes from the primary products of oil oxidation, and as the AV increases as oil oxidation progresses, it is desirable to adopt both AV and POV measures in the quality control of foods with high oil contents.
Although the standard POV (30 meq/kg) in Japan was introduced as a result of a previous food-poisoning event 2) , there is little scientific evidence to support its validity. We found that the five unsaturated aldehydes in oxidized oils are highly cytotoxic, in agreement with previous findings 12) . Based on their chemical structures, these aldehydes may show similar extents of toxicity. In fact, t-2-decenal, t,t-2,4-decadienal and t-2-undecenal have been reported to be harmful to the skin, while t,t-2,4-decadienal shows mucosal toxicity 13) . In addition, POV was more highly correlated with the total concentration of unsaturated aldehydes than with that of 14 odorants (Table 2 ). These observations support the value of establishing a standard POV for use in the quality control of foods containing high oil levels from the perspective of human health.
In Japan, the actual average daily oil intake is 57.4 g 14) . Thus, assuming that the average Japanese body weight is 50 kg, the average intake of oil is 1.148 g/kg/ day. According to the results of a sub-chronic toxicity test in rats reported by the National Toxicology Program 13) , the no observed adverse e#ect level (NOAEL) of t,t-2,4-decadienal was 100 mg/kg/day and the acceptable daily intake (ADI) was 1 mg/kg/day. Therefore, the maximum concentration at which the t, t-2,4-decadienal content in the oils ingested daily would not exceed the ADI is about 870 ppm (1῍10 ῌ3 /1.148). However, the data summarized by the World Health Organization 15) indicated a NOAEL of t,t-2,4-decadienal of 34 mg/kg/day and a corresponding maximum concentration of 296 ppm (0.34῍10 ῌ3 /1.148). The maximum allowable concentration of t,t-2,4-decadienal, which showed the highest cytotoxicity among the compounds tested, should also be applicable to the total concentration of the five unsaturated aldehydes, because t,t-2,4-decadienal was their major component (data not shown) and the cytotoxicity of the five aldehydes was higher than that of the other odorants. The calculated POVs, which correspond to 296 ppm, are shown in Table 3 .
Based on such values, it might be possible to set appropriate POV standards for oils in foods for consumer's safety and information.
Further, it might be useful to set POV standards for oils in foods, because the reasons for measuring POV and AV are di#erent. AV is an index to measure the amount of FFA mainly formed by the hydrolysis of oils in foods. On the other hand, POV is not only an index to quantify the amount of hydroperoxide in the initial stage of oxidation of oils, but also a useful indicator of toxic secondary products, such as the five aldehydes shown here. In conclusion, from the viewpoint of food safety, we have confirmed that POV is a useful standard for the quality control of products, such as instant noodles, which contain high concentrations of oils. ῍ x῎concentration of unsaturated aldehydes (ppm); y῎POV (meq/kg) ῍῍ The maximum tolerated dose derived from the lowest NOAEL.
